We investigate numerically the modification of the surface-plasmon enhanced optical force on a gold nanorod pair by incorporating a dielectric interlayer. The frequency dependent electromagnetic forces are obtained through the full-vectorial solution of the Maxwell's equations by a finite element solver. We obtain the common and the relative electromagnetic force experienced by the nanorod pair in the presence of a dielectric interlayer of different permittivity or thickness. In particular, we demonstrate that a liquid crystal dielectric interlayer can be utilized as a dynamic tuning mechanism for the magnitude and the reversal of the direction of the relative force.
Introduction
The utilization of optical forces to control the position of microto nano-scale particles is advancing rapidly with emerging chemical, biomedical and integrated photonics applications [1] [2] [3] [4] . Optical forces can be generally categorized as gradient-and scattering-type forces. The gradient force is generated by the refraction or diffraction of the optical beam by the target particle, forming the basic mechanism of optical tweezers 4 . The scattering force is an axial force on the particle due to the momentum of the impinging beam and it is used in cavity optomechanics 5 .
These forces are widely used for micron-sized particles (approx. few wavelengths in the visible spectrum). For a significantly measurable amount of optical force in the subwavelength regime, however, the enhancement of the local electromagnetic field by the surface-plasmons (SPs) on the target particle becomes essential. For instance, in a nanoparticle system consisting of two closely placed metallic spheres, when the frequency of the illuminating laser is close to the SP resonance of the metallic spheres, a strong enhancement in the optical force can be obtained [6] [7] [8] [9] .
In this study, we investigate tailoring the magnitude and the direction of optically induced forces on metallic nanoparticles via geometric and material parameters of a dielectric interlayer, which can be utilized for nanoscale applications. In particular, we propose that a tunable force mechanism between the nanoparticles is possible by inserting a liquid crystal layer as in ref. 10 .
The paper is organized as follows: Section 2 gives a brief theory on force calculation through Maxwell Stress Tensor. In Section 3, we describe the nanorod-pair model for investigating the SP-assisted forces and the simulation method. Section 4 presents the results obtained with a dielectric layer of varying dielectric constant and thickness. The tunability of the optical force via liquid crystal dielectric layer is discussed in Sec. 5.
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Methods and Theory
We adopt the nanorod-pair model discussed in a recent study 11 in order to relate our results with the existing literature. This model consists of two identical pill-shaped metal nanorods, each with a cylindrical body and hemispherical caps on either end (see Fig. 1 ). The nanorods are of length L and diameter D. The distance between the center axes of the rods is d + D. The dielectric interlayer is a rectangular slab of length L, width D, and thickness w. The coordinate system is set such that the rods have their center on the x-axis, extend in the z-direction longitudinally and in the y-direction laterally. The electromagnetic wave is linearly polarized in the z-direction and incident in the x-direction to the nanorods. We performed the numerical simulations using a commercial software (Comsol Multiphysics) which employs a finite element solver for Maxwell equations. The 3D model system is placed at the center of a large spherical computation domain, which is encapsulated by perfectly matched layers to simulate open space (reflectionless) boundary conditions. The nanorod material is chosen as gold with frequency dependent permittivity 12 . In this work, we consider a lossless dielectric. The incident electromagnetic (em) radiation wavelength ranges from 600 nm to 800 nm.
Once the convergence of the electromagnetic field solutions is obtained at a given wavelength through the simulation, the optical force on each nanorod is calculated using the Maxwell stress tensor. The i th component of the total Lorentz force is given by
where ε i jk is Levi-Civita symbol and V is a volume that encloses a nanorod. Defining force per unit volume expressed in terms of divergence of Maxwell stress tensor ← → T and partial time derivative of Poyntings vector − → S , the integral can be transformed to
where S i = ε 0 c 2 ε i jk E j B k is Poyntings vector(c = speed of light in free space and ε 0 : vacuum permittivity) and
with δ i j Kronecker delta. In the steady state, the time average of the first term on the right-hand side of Eq. (2) vanishes. The second term can be converted to a flux integral
over an integration surface S that encapsulates each nanorod in separate where n j is the outward surface normal in the j th direction. In order to better understand the behavior of the optical force depending on the frequency of the incident field, the electric and magnetic dipole moments of the nanorod pair are calculated. The electric dipole moment is given by
where P z is the z-component of the polarization and D z is the zcomponent of the displacement field. The magnetic moment is calculated from the rotation of the polarization currents r ×J p (r is the position vector pointing the volume element that contains the current density from the origin which is the center of mass (CM) of the nanorod pair ) , which yields
where ω is the frequency of the time harmonic fields.
Optical force in a gold nanorod pair system
We first calculate a reference force spectra for the gold nanorod pair in vacuum, as in Ref 11 . We take the gold nanorods diameter D = 25 nm, length L = 100 nm and the distance between the rod's axes d = 35 nm. Henceforth, we refer to the x-component of the force without the coordinate subscript. We label the nanorods as the 2 nd and the 1 st in the direction of incidence of the electromagnetic wave (i.e. along the propagation direction of the incident em wave). The common force F common = (F 1 + F 2 ) is the force acting on the center of mass of the nanorods.The relative force is defined as F relative = (F 1 − F 2 )/2 . According to this definition, a positive relative force is repulsive whereas the negative relative force is attractive.
Figure 2(a) shows the calculated common-and relative force spectra of the reference system. The common force is the axial force on the center of mass of the nanorod pair, hence it is positive. Both the common and the relative force exhibit peaks at 422 THz and 445 THz. Note that the relative force takes negative and positive values respectively at the peak frequencies. The electric and magnetic dipole moments plotted in Fig. 2(b)-(c) indicate that the peaks in the force spectrum are associated with the dipole excitations of the nanorod pair. The antisymmetric eigenmode at 422 THz corresponds to the magnetic dipole moment and leads to an attractive relative force, whereas the symmetric eigenmode at 445 THz is the electric dipole moment and results in the repulsive relative force.
The optical force depends on the geometrical parameters of the nanorod pair, in particular to the rod length and the inter-rod distance but the spectral features remain similar. We refer the reader to Ref. 11 for details of this analysis. 
Optical force between gold nanorods in the presence of a dielectric interlayer
We now discuss the effect of the dielectric interlayer on the optical force acting on the nanorods. Throughout this analysis, the geometrical parameters of the reference model are preserved.
As depicted in Fig. 1 , the dielectric layer has a constant length L = 100 nm and the width is equal to D = 25 nm. We assume that the dispersion of the dielectric material is constant and the dissipation is negligible, which may be justified for a nanometer thick dielectric layer subject to THz frequency fields. We characterize the optical force for the different thickness (w) and the dielectric permittivity (ε) of the dielectric interlayer. for fixed permittivity of ε = 3 with different thicknesses. Evidently, increasing the electromagnetic field intensity between the rods (either by increasing the permittivity or the volume of the dielectric material) enhances the electromagnetic force. Increasing the permittivity or the thickness induces a red shift of the force peaks that are associated with the electric and magnetic dipole resonances. In Figure 3 (a) , the F 1 spectra (solid curves) show a rather uniform negative shift, whereas the F 2 spectra (dashed curves) shift rapidly and nonuniformly in the positive direction with increasing permittivity. We have found that the electric dipole resonance peak of F 2 changes from negative to positive for ε > 1.7. Figure 3 (b) shows that, increasing the thickness of the dielectric layer induces similar changes in the force spectra.
As a consequence, the relative force spectra changes significantly as shown in Fig. 4 (a) . In particular, the relative force at the electric dipole resonance can be repulsive (for ε = 1), negligibly small (for ε = 3), or attractive (for ε = 5). Therefore, the direction of the relative force may not be deduced solely from the symmetry of the excitation mode of the nanorods as it was in the absence of the dielectric layer. The polarization of the dielectric layer contribute to the local field distribution at the nanorod surfaces where the optical forces are calculated. The relative force at the magnetic dipole resonance remains attractive and increases in magnitude. The common force plotted in Fig. 4 (b) is always repulsive, as expected. In Figure 5 , we plot the relative and common force for different dielectric layer thicknesses at fixed permittivity ε = 3. Again, the relative force at the electric dipole resonance frequency changes sign with increasing dielectric layer thickness.
In Figures 6 (a) and (b) , we plot the optical force at selected frequencies as a function of the permittivity with fixed thickness (w = 25 nm) and as a function of the thickness with fixed permittivity (ε = 3), respectively. In Figure 6 (a), the relative force is all attractive for 427 THz (dashed lower curve), whereas it exhibits a sign change for 445 THz at ε = 3 (solid lower curve). The common force at 427 THz (upper dotted curve) is increasing monotonically with increasing permittivity. The common force at 445 THz (upper solid curve) increases up to ε = 3, and decreases afterwards. In Figure 6 (b), the relative force at 445 THz (lower solid curve) decreases monotonically and reverses sign at w=24.5 nm. The relative force at 427 THz (lower dotted curve) is attractive throughout the range. The common force at both frequencies (upper two curves) increases with increasing thickness. The aforementioned results suggest that a tunable optical force may be achieved by incorporating a dielectric material whose index of refraction can be controlled externally. Here, we propose the use of a birefringent liquid crystal whose index of refraction can be tuned between two values by an external electric field. In Figure 7 , we plot the relative and common force in the presence of a liquid crystal interlayer for the ordinary and extraordinary indices of refraction (values taken from Ref. 13 ).
For the nanorod pair model in this paper, a 25 nm thick dielectric interlayer can tune the relative optical force in an attractive/repulsive regime at an operation frequency of 440 THz, as shown in Fig. 7 (c) . 
Conclusions
In this study, we investigated the effect of a dielectric interlayer on the surface-plasmon enhanced optical forces acting on a nanorod pair, under electromagnetic excitation in THz regime. We found that the optical forces depend on the permittivity or the thickness of the dielectric. In particular, the relative force can be altered to become attractive or repulsive. This behavior can be utilized as a tunable optical force in plasmonic nanostructures, e.g. by employing liquid crystals.
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